Summary. Observations made with the Einstein X-ray observatory and EXOSA T have shown Procyon (a CMi) to have a measurable X-ray flux. The flux observed is similar to the upper limits previously reported. We discuss the interpretation of the X-ray data in the context of models made previously by Brown & Jordan based on spectra obtained with the IUE satellite. The X-ray data lead to a higher electron pressure than does the UV spectrum. These results support the conclusion by Brown & Jordan that the UV data cannot be reconciled with a hot corona in a spherically symmetric uniform model. Two types of models are explored; one in which the X-ray emission originates from an isothermal corona but the UV emission is restricted to limited regions of the disc, analagous to solar supergranulation structure; the other in which hot loop structures are embedded in a cool (r e~3 xl0 5 K) corona. Monitoring of Procyon to search for variability is urgently required to distinguish between these models. Some comparisons with the predictions of scaling laws are made. Our hot isothermal coronal model agrees quite well with the predictions of Hearn's minimum flux model.
Introduction
Procyon (a CMi) is an F5 IV-V star which appears to be evolving from the main sequence, where, on the basis of its mass, it was a late A-type dwarf and was unlikely to have a sub-photospheric convective zone. Now there is well established evidence of a chromosphere from emission in the Mg n h and k lines (Kondo et al. 1972; Morton et al. 1977 ) and in the Ca n H and K lines (Ayres, Linsky & Shine 1974) . Procyon A has a faint white dwarf companion with a 40-year orbital period but this is not sufficiently close to affect the development of chromospheric activity on Procyon A.
Observations which showed emission lines formed up to temperatures of ~3 x 10 5 K were made
The ultraviolet observations were significantly improved and extended using the International Ultraviolet Explorer (IUE) satellite and linewidths as well as fluxes were obtained by . The new data allowed further constraints to be placed on the electron pressure, such that 2.6 x 10 14 cm" 3 K>(P e A)>6.5 x 10 13 cm" 3 K at 2x10 5 K, with the 'optimum' model having P e //c~1.2xl0 14 cm" 3 at 2xl0 5 K. On the basis of these models Brown & Jordan concluded that for an atmosphere which is spherically symmetric and uniform at 2xl0 5 K, the highest coronal temperature is ~3xl0 5 K, and that higher temperature and pressure models are allowed only if the UV emission originates from limited areas of the stellar disc. At that time only upper limits to the X-ray emission were available (Mewe et al. 1975; Cruddace ei a/. 1975) . New measurements of X-ray fluxes are now available from the Einstein satellite and from EXOSAT (Schri)ver 1984) . In the present paper we analyse X-ray data obtained with the Einstein satellite reduced by us and discuss these in relation to the previous models of the chromosphere, transition region and corona of Procyon. The same observations from Einstein have been independently reduced by Schmitt et al. (1985) and we also briefly discuss their interpretation.
The X-ray data are given in Section 2; the models are discussed in Section 3. Estimates of energy losses and comparisons with the predictions of scaling laws are given in Sections 4 and 5.
X-ray observations
Procyon was observed on two occasions by the Einstein Observatory. A 3600-s observation was made with the High Resolution Imager [HRI: see Giacconi et al. (1979) for instrumental description] on 1979 April 1 and 2. Also a 5000-s observation was made two years later (1981 March 31) with the Imaging Proportional Counter (IPC). These data sets have been examined for variability on time-scales of between 100 and 2000 s. No evidence for significant variability on these time-scales is seen using a^2 test against the hypothesis of a constant source at the mean count rate.
The IPC spectrum has been fitted assuming a Raymond-Smith (1977) thermal plasma and solar abundances. Assuming the interstellar hydrogen column density (Af H ) to be less than 10 19 cm" 2 , the IPC spectrum is well fitted by A:r e =0.138±0.015keV (90 per cent confidence, ^2=5.8 for 7 degrees of freedom). Fixing A H at 1.2xl0 18 cm" 2 , as indicated by the Copernicus interstellar HLya observations of Anderson et al. (1978) does not further constrain kT e . We therefore deduce that the best-fitting single coronal temperature is 1.5(±0.16)xl0 6 K. The observed flux between 0.5 and 4.5keV is 1.2xl0~1 2 ergcm" 2 s" 1 .
The standard reduction of the HRI data initially led to some confusion as to whether Procyon A or Procyon B, the white-dwarf companion, is the X-ray source. The initial source position was 5.4 arcsec from Procyon A, which is considerably larger than 3.5-arcsec 90 per cent confidence HRI positional uncertainty. This problem was resolved when it was realized that one of the star tracker fields used for the HRI observation actually contained two stars only 3-4 mag different in brightness. When the effect of the fainter star was taken into account, the difference between the positions of Procyon A and the observed X-ray source reduced to ~3 arcsec, which allowed definite identification of the source with the F5 star, and excluded the white dwarf as the X-ray source.
Adopting a stellar angular diameter of 5.5xl0 -3 arcsec, a stellar radius of 1.43xlO n cm and assuming that the X-ray emission is formed in a spherically symmetric spatially uniform atmosphere close to the star, we find an X-ray surface flux of 6.7 The observations of Procyon made with EXOSAT have been discussed by Schrijver (1984) , Mewe (1984) and Brinkman et al. (1984) . The second low-energy telescope and 500 lines mm" 1 grating were used with the thin (3000 Â) Lexan filter to obtain a spectrum of Procyon which shows clearly the complex of lines from Feviii-xn between 165 and 195 Â. Schrijver finds that two components at 7\=0.7xl0 6 K and r2=2.6xl0 6 K are required, adopting the emissivities of Mewe & Gronenschild (1981) . He illustrates the emission predicted by the two components and by their sum adopting emission measures of 2x 10 27 cm' 5 and 3 x 10 27 cm" 5 respectively for the Ti and T 2 contributions, correspond to volume emission measures of 5.1xl0 50 cm" 3 and 7.7xl0 5O cm" 3 . However, using the same emissivities we have calculated the contribution log Te (k) Figure 1 functions in the bands 170-190 Â and 50-110 Â, and Cowan 1984) can be used to show that individual lines in these transition arrays are important and it is likely that they could account for the remaining discrepancies between the calculated and observed spectrum, without recourse to a high temperature component. The band from 170-190 Â is the major contributor to the total calculated emissivity. Because this band has a maximum emissivity at 10 6 K a solution at this temperature on the locus shown in Fig. 1 cannot be excluded but would not significantly affect the results discussed below. Brinkman et al. (1984) show the loci of emission measure with temperatures that are obtained from photometric measurements with the 4-Lx and Al/P filters. These intersect at ~2xl0 6 K.
Brinkman et al. give a solution of T e~1 .7 to 2.7x 10 6 K with an emission measure of 9x 10 27 cm -5 .
Schrijver (1984) gives an alternative solution, r e~0 .5 to 0.8xl0 6 K with an emission measure of 4xl0 27 cm -5 . The emission measures found from the UV and X-ray fluxes are shown in Fig. 1 .
Although there is a spread in the X-ray solutions it is not known whether or not this is due to calibration factors or variability since repeat observations have not been made with the same
Because the UV fluxes from the Copernicus measurements are less reliable than those from IUE and tend to be a factor of 2-3 lower, Brown & Jordan placed little weight on the O v and O vi data and gave models only up to 2xl0 5 K.
3 The atmospheric structure of Procyon
A SPHERICALLY SYMMETRIC UNIFORM CORONA
With this geometry the coronal emission measure and temperature can be used to find the rms electron density and thus a pressure estimate, i.e.
where we take H' -H/l and where /f=1.4xl0 8 Tc/g* is the coronal isothermal scale height. using H=H' and the previous upper limit to the X-ray flux. It exceeds the highest pressure at T e~1 0 5 K considered to be compatible with the UV fluxes (P e /A:<3. 
REASSESSMENT OF TRANSITION REGION PRESSURES
The densities in the transition region are not based on direct spectroscopic measurements but on indirect arguments concerning linewidths and opacities (see for a fuller derivation of the method). The ratio of the opacity (r 0 -optical depth at line centre) to the line flux leads to a relation such that (2) where Q is the collision strength and A2 the observed FWHM. The UV measurements of F* and AA have not changed, but there have been revisions to Q for the Cn resonance lines (21335 Â) and the Si m (21206 Â) line. Hayes & Nussbaumer (1984) find a value of Q for the C n lines which is lower than earlier values by a factor of 2. Baluja, Burke & Kingston (1981) have reduced Q for the Si in line by about 28 per cent. The effect of these changes is to bring the estimates of T 0 P e into closer agreement and we see no reason to modify our conclusion that with a spherically symmetric model, P e -2.3xl0 14 cm" 3 K at 10 5 K and -3xl0 14 cm _3 K between 2xl0 4 and 4xl0 4 K. These pressures will be increased by the area factor discussed above should the emission be thus restricted.
LINKING THE TRANSITION REGION AND CORONA
Contrary to the impression given by Schmitt et al (1985) , made no extrapolation of the emission measure above 2x 10 5 K. The pressure arguments were those set out above and use only the X-ray flux and UV fluxes independently. If a full model of the structure and energy balance is required then interpolation between the two regions is necessary. The pressure at any point is related to that at a given temperature by the integral of the emission measure (see, e.g. Accepting the Copernicus ftuxes without correction, we find that the emission measure at 7 x 10 5 K proposed by Schrijver would just be sufficient to account also for the majority of the O vi flux, and then an even lower emission measure at 2xl0 5 K would be possible. If the O vi fluxes were increased by a factor of 2-3 for calibration reasons this would be no longer the case. We C.JordariQtdX.
argued above that the UV emission measures below ~10 5 K may need to be increased by a factor allowing for a restriction in the area of emission. It is not obvious that the same factor would be applicable to O v and O vi; in the Sun the latter does have a general coronal contribution of about 30 per cent of the total, which can be seen above the limb. Thus the emission measure between 2xl0 5 and 7xl0 5 K is still uncertain. Two rough estimates of the pressure increase between 2.5xlO 5 and 1.5xl0 6 K can be obtained (i) by adopting a power law Em^Tl /2 as found in the solar atmosphere (Jordan 1976 ; this is shown in Fig. 1 ) and (ii) by interpolating with J Em=2xl0 27 cm" 5 =const. The pressure increase is in either case not large. Case (i) gives P e~8 .0x 10 14 cm" 3 K at 2.5x 10 5 K, whilst case (ii), which we do not regard as realistic because of the Ovi constraint, would give P e at 2xl0 5 K at ~9.9xl0 14 cm -3 K, a rise over the corona of a factor of about 50 per cent.
To give an interim model -until such time as the emission measure is determined from soft X-ray line fluxes, we adopted the 3/2 power law as shown in Fig. 1 , increase Em below 2 x 10 5 K by a factor of 3.0 and decrease the area coverage by a factor of 3.0. This model is shown in Fig. 2 as Model 2. Fig. 1 shows that the apparent emission measure distribution of Procyon does not have the same shape as that of the Sun. First, the ratio of the UV, transition region line, flux around 10 5 K,
to that of the X-ray flux is higher by about an order of magnitude in Procyon. Secondly, the decrease in the emission measure between ~2.5 x 10 4 and 1.6x 10 5 K is less steep than in the solar atmosphere . The effect of these differences carries through to the temperature structure shown in Fig. 2 . Between ~3xl0 4 and 1.6xl0 5 K the temperature gradient dlog T/dh decreases (dT/dh also decreases slowly). The amount by which it decreases depends on the boundary value of the pressure (see fig. 7 of . Assuming that the sudden drop in the emission measure at r e > l*6x 10 5 K is real, then either there is little material at greater temperatures, i.e. is related to a steep rise in temperature. In the solar atmosphere the temperature gradient remains steep down to much lower temperatures (~4xl0 4 K) and passes through an inflexion accounted for in any general theory of coronal heating. The main stellar parameter that is different between Procyon and the Sun is the surface gravity (and radius) which is a factor of -2.2 processes. Also the depth of the convective zone, relative to the stellar radius, is expected to be less in Procyon.
TWO-COMPONENT MODELS
Once a two-component atmosphere is postulated the models become unconstrained unless additional assumptions are made. First, we consider a model where the emission up to -2xl0 5 K originates from a spherically symmetric atmosphere at the pressures suggested by the UV line fluxes and profiles -as discussed by , but where the X-ray emission comes from a limited volume, e.g. in a closed loop configuration as in the solar corona. Then the only certain quantity is the X-ray volume emission measure, since neither the density or volume of the 'average' loop are known.
[By 'average' loop we mean the total loop volume treated as one structure rather than as a set of loops each with its own properties as occurs in the solar corona, e.g. Jordan (1975) .] We now make the assumption that, as in the solar atmosphere, the emission measure in active regions follows a power law, which is the same as in the quiet Sun (Noyes, Withbroe & Kirshner 1970), i.e. Em = aTl /2 . Then if the emission measure at Te-2x 10 5 K is not to be dominated by the active region, the maximum factor by which the distribution above 2x 10 5 K can be raised is 11. If the loop cross-section area is 2A, as opposed to 4jtR 2 for a spherically symmetric model then the above assumptions yield A/2jtR 2~4 .5 per cent. Although the produce ÄeT is now known, neither ÑI or L can be found without further assumptions. In the approach used by Hearn (1975) and Rosner, Tucker & Vaiana (1978) the additional assumptions made are equivalent to fixing the ratio of the global radiation flux above some temperature to the conductive flux at that temperature. There is no firm evidence that this ratio is fixed in the solar atmosphere, but empirically the ratio lies within the two orders of magnitude O.IcFr/FcCIO (Jordan 1980) . For illustrative purposes we therefore adopt F c {Tq) = F k {Tq), where F c (T<f) is the conductive flux back to the transition region at r 0 =2xlO and F k {Tq} is the total radiation loss above r 0 . Then before decreasing again in the chromosphere. If this break in the structure is real, it implies a relatively larger heating of the atmosphere of Procyon below 10 5 K, and must eventually be smaller (or larger), which would be expected to lead to a longer damping length for wave (4) where # = 1.1x10 6 and (5) Also MTb) (6) Jh(T 0 ) and P rad =1.3xlO-l9 /Tl /2 C. JordanttdX. (Summers & McWhirter 1979) , since the coronal contribution dominates. Equations (4) to (6) (This is within the range of values found in solar active region loops.) Equation (3) can then be used to find P e as a function of T t above 2x 10 5 K. The height at 2x 10 5 K is not known and the model (Model 3) is plotted in Fig. 2 above a minimum height of 500 km. The loop 'height', i.e. the height difference between 1.5xl0 6 and 2xl0 5 K is 1.8xl0 4 km. This loop structure would be embedded in a cool corona such as shown by Model 1. It is emphasized that any loop model must adopt the same number of assumptions as above -there are not at present sufficient observational constraints to do otherwise. At present we cannot tell whether the most appropriate model is a cool corona with embedded hot loops or a hot corona with supergranulation in the transition region, but we do not regard a high-pressure model accounting for all the UV fluxes and the X-ray flux in a closed loop configuration as realistic for the reasons given below. Such models can be made and have been discussed by Schmitt et al (1985) , but are no more constrained than the illustrative one we adopt above.
Although it is now well known that solar active regions are composed of sets of magnetic loop structures (Jordan 1975) , early studies of the whole Sun emission in a variety of emission lines (e.g. Neupert 1975) showed that the component at, or below, the quiet Sun average temperature hardly varied, whilst lines found above the average temperature, predominantly in active regions, showed a variability increasing with temperature. The quiet Sun material may well originate from the expansion and opening of large loop systems, but a basically spherically symmetric component is clearly present and can be seen as a uniform limb-brightening in images of lines formed at ~l-2x 10 6 K. It is not appropriate to describe the whole atmosphere in terms of closed loops as both Schrijver (1984) and Schmitt et al (1985) have done. Further, Schrijver finds that when the loop models are applied to the two temperature components the cooler component requires smaller loops (in terms of the local pressure scale height) than does the hotter component. This result is contrary to the situation found in the solar atmosphere where active regions have sets of loops whose heights increase with decreasing temperature (e.g. Jordan 1975 ; Gabriel & Jordan 1975) . There is some prospect of limiting the range of models from future observations, e.g. the Hubble Space Telescope could be used to measure density sensitive line ratios. Ideally a far-UV spectrograph is needed to re-examine the crucial O vi lines. More immediately EXOSAT could be used to monitor Procyon for variability in its flux and in its average coronal temperature. Absence of variability would give strong support to a uniform coronal model and vice versa. would be required to account for the heating in terms of an MHD mode propagating at the Alfvén velocity. Since the estimate of the plasma /? is /?^1, the Alfvén mode, fast mode and shock damping are worth further investigation, but the same difficulties as encountered in heating the solar transition region in this way are to be expected.
THE REGIONS ABOVE T e~2 Xl0 5 K
At present only rough estimates of the losses from radiation and conduction can be made. From equation (6), it can be shown that provided the emission measure above 2xl0 5 K increases at least as rapidly as T l J 2 , the coronal contribution dominates and FrCTo)-1.4X10 5 erg cm -2 s -1 .
(This includes all emission and therefore exceeds the observed flux in the 0.5-4.5keV band). The behaviour of the conductive flux between 2xl0 5 and 1.5xl0 6 K is not known, but at 2x10 5 K, FJÍTq) can be found from equation (4) and (5) and is ^(To)--6.4x 10 5 erg cm -2 s" 1 .
Since F C (T & ) decreases to -3xl0 3 ergcm _2 s" 2 by 10 5 K the flux back at 2xl0 5 K must be disposed of by radiation between ~10 5 and 2xl0 5 K and indeed is comparable to the radiation loss from that region. These estimates of F R and F c are compared below with those which result from scaling laws.
Scaling laws
We give a brief comparison with the results of scaling laws proposed by Hearn (1975 Hearn ( , 1977 and Rosner ct al. (1978) since these are being used by other authors. Hearn (1975) proposed that a corona 'relaxes' to a minimum energy loss configuration and required that above some temperature, say 7^, where the pressure is P*,
where F m , F c and F R are the global values of energy input and loss above T*. He finds F c {Tf) by requiring that the conductive flux back to the transition region is radiated away without the presence of other energy input. He then obtained a scaling law (Hearn 1977) 
C. Jordan et al. Rosner et al. (1978) use the same method of finding F C (T*) but adopt an upper boundary condition in a closed loop geometry, finding
where r max is the maximum temperature in the loop. As Hearn & Kuin (1981) have shown the two methods give the same scaling powers when applied to a closed loop geometry , differing only in the numerical constants. Conversely, equation (12) can be applied to an open atmosphere by replacing L, the loop length by H/2, as adopted also by Schrijver, Mewe & Walter (1984) . With owr constants, this gives P e =3.1xl(r 18 g*r?,
essentially identical to that derived by Hearn's method. Applying equation (9) to Procyon, with r c =1.5xl0 6 K gives Pe/^-5.9xl0 14 cm -3 K in good agreement with that derived (6.4xl0 14 cm _3 K) using a spherically symmetric corona. Equation (10) gives F R = -l.lxl0 5 ergcm -3 s'' 1 , which as expected, is similar to our value of 1.4x 10 5 erg cm -2 s -1 . Equation (11) gives F c = -3.3x 10 5 erg cm -2 s -1 , only a factor of 2 less than we derive. The reason for this broad agreement probably lies in our choice of h=3/2 which, with P e -const, would imply almost constant conductive flux. However, in Procyon, as in the Sun, the assumption in Hearn's derivation that below some temperature dFJdh = <¿F R /dh, is not satisfied until r e~2 .5 x 10 5 K, well below the temperatures implied in the derivation of the scaling laws. A fuller discussion of the relations between the different scaling laws and methods has been given by Gill & Jordan (1985, in preparation) and Gill (1982) . 
Schrijver (1984) and Schrijver et al. (1984) find the same power law, but obtain a different numerical constant, based on their extension of the Rosner etal. (1978) scaling law. Equation (14) yields £ra(T c ) = 1.3x 10 27 cm -3 in good agreement with the observed value. Thus in this case the minimum flux model gives a reasonable estimate of the pressure and emission measure. The scaling law given by equation (12) can be used to find P e L in a. loop geometry but is not sufficient to constrain the model. If we adopt the X-ray emission measure increased by the factor of 11 discussed in Section 3.4 then combining Ä 2 L with P e L leads to Pjk=8.9 x 10 15 cm " 3 and L~5.0xl0 3 km, a factor of 2.4 larger and 3.6 smaller respectively than we estimated in Section 3.4.
Conclusions
The X-ray flux and temperature measured for the corona of Procyon lead to an electron pressure which even in a spherically symmetric corona is higher than the estimates made from UV line fluxes and widths. The two sets of data can be reconciled by postulating that the UV-emitting transition region material is, in Procyon as in the Sun, strongly concentrated to a limited fraction of the disc area. In the solar atmosphere such regions would correspond to the supergranulation boundaries. Thus if the absence of X-ray variability could be established there would be indirect evidence of supergranulation structure on Procyon. Because the emission measure between ~2xl0 5 and 10 6 K is still not determined, only tentative models can be made for the atmosphere as a whole. Although in the absence of any reported variability so far we prefer the isothermal coronal model, the resulting temperature profiles shows a distinct change of gradient at ~2x 10 5 K, irrespective of how the interpolation is made to the corona. This behaviour is quite different from that in the solar atmosphere. The minimum energy loss model of Hearn (1975 Hearn ( , 1977 leads to a coronal pressure and emission measure similar to those observed, but it is not yet clear that all the underlying assumptions of the method are justified in Procyon. Any model in which the X-ray emission is postulated to occur from loop structures must lead to higher pressures in the loops than found from the spherically symmetric geometry. If the flux comes from the same structure as the X-ray flux it would still have to be concentrated to limited areas. Although two-component models can be made in terms of the quiet atmosphere plus loops, they are unconstrained in the loop length and area factor (or coronal filling factor). Because active region loops do not contribute significantly to the total solar flux at temperatures below the mean coronal temperature, we do not consider it appropriate to model the average stellar coronal properties in terms of loop structures. Evidence of a component variable in flux and temperature, would, however, require modelling in terms of active regions. In view of the detail in which Procyon can be studied, such monitoring for activity is urgently required.
